[image: Discover University of Wales Trinity Saint David]








University of Wales Trinity Saint David
School of Engineering
CALULATION ON PISTON, ROD, CRANKSHAFT ASSEMBLIES
Yan Li
1904638
Level 6
10/02/2020
Competition Engine Design
Automotive Engine Design
M6X00410



Contents
Notation	3
1	Introduction	1
2	FSF of Gudgeon Pin	2
3	FSF of Rod	7
4	Cap-Rod and Bolt	14
4.1 Stiffness Ratio	14
4.2 Bolt Stiffness	15
4.3 Bolt Load	16
4.4 Bolt Tightening Torque	18
4.5 Bolt Stress	19
4.6 FSF of Bolts	20
4.7 Uprated Bolt	21
4.8 Bolt Sketch	28
5	FSF of Crankshaft	30
6	Conclusion	35
7	Reference	36
8	Appendix	37

[bookmark: _GoBack]




[bookmark: _Toc32191723]Notation
	Symbol
	Paraphrase

	

	Force on piston (rod)

	

	Net compressive (tensile) force on piston

	
 
	Net compressive (tensile) force on rod

	θ
	Crank angle

	
 
	Inertia force on gudgeon pin

	
 
	Net force

	
 
	Acceleration

	
 
	Bending moment at point A

	
 
	Bending stress

	
 
	Distance from neutral axis

	
 
	Second moment of area at point B

	
 
	Minimum (maximum) mean stress

	
 
	Stress range

	
 
	Allowable (actual) stress range

	
 
	Fatigue safety factor

	
 
	Stress concentration factor

	
 
	Bolt (rod) stiffness

	
 
	Displacement

	
 
	(Total) inertia force

	
 
	Reciprocating (rotating) mass

	
 
	2/3 Rod mass minus cap mass

	
 
	Bolt static force

	
 
	Rod-cap static force

	
 
	New area (diameter)

	
 
	Mean stress of standard (second design) bolt






1 [bookmark: _Toc32191724]Introduction
In this report, the study is carried out on the ‘standard engine’ to provide fatigue safety factors for infinite fatigue life by Goodman diagrams. Therefore, four engine components are involved in this paper: gudgeon pin, con-rod, cap bolt and crankshaft, which are from the Ford Sigma engine. What’s more, this study will take use of some results in previous calculations, like the net compressive and tensile force on rod, and some measurements data are from lecture works. The parameters of the standard engine used in this report are shown in the Table 1-1, and all calculations and Goodman diagrams are from EXCE2016 (Excel, 2016), all figures are from SOLIDWORKS2019 (Solidworks, 2019).
Table 1-1 Parameters of Standard Engine
	
	Production Engine
	Unit

	Length of the Con-rod
	0.134
	m

	Cylinder Bore Diameter 
	0.079
	m

	Bolt Length
	0.030
	m

	Con-rod Mass
	0.4064
	kg

	Con-rod Cap Mass
	0.1038
	kg

	Gudgeon Pin Mass
	0.08022
	kg

	Piston Mass
	0.3504
	kg

	Con-rod shank area
	1.48E-4
	m2

	Radius of Crank
	0.0407
	m

	Piston Mass
	0.3504
	kg

	Youngs Module of Alloy Steel
	2.1E+11
	N/m2

	Youngs Module of 30CrNiMo8
	2.1E+11
	N/m2

	Youngs Module of Titanium
	9.9E+10
	N/m2

	UTS of Steel
	1.11E+09
	N/m2

	UTS of 30CrNiMo8
	1.45E+09
	N/m2


 For the calculations about FSF of gudgeon pin, combine stresses of bending stress and shear stress are the basis of the stresses used in Goodman diagram applying suitable. And for the FSF of con-rod, it’s carried on 3 points’ axial stresses. For the FSF of cap-bolts, the basis is the stiffness ratio, and axial stress. What’s more, the bolt is redesigned to fit the high RPM conditions. And the FSF of crankshaft is based on the combine stresses of bending and shearing stresses.

2 [bookmark: _Toc32191725]FSF of Gudgeon Pin
In this part, all calculations are carried about the gudgeon pin, which includes the mean stresses, range of stresses (both bending and shear stresses will be calculated). And author will calculate fatigue safety factors, which provides a factor with respect to ‘infinite life’. The basis of the calculation is a diagram that shows the alternating stress and mean stress values when achieving infinite life. These diagrams can get experimentally, but also from some material properties. And there are two types FSF diagrams: Goodman and Haigh Diagram, in this report, author use the Goodman diagram to get the FSF (Autodesk, 2016).
Net force on the gudgeon pin equals to the net force on the piston, which is twice the net force on each side of gudgeon pin. From the previous work, the maximum compressive force on rod is 40955.44N at 20° crank angle and 5700 RPM, the maximum tensile force on rod is 7340.174N at 0° crank angle and 6000RPM. 
[image: ]
Figure 2-1 Force Diagram
From Figure 2-1, the force on the piston can be calculated by equation 2-1


 

 : crank angle; L: rod length; R: crank radius
Hence, maximum compressive and tensile force on piston can be calculated by equation 2-2:



                                         

 
Hence the results are shown in the Table 2-1
Table 2-1 Previous Results
	
	Force
	RPM
	Crank Angle

	Compressive
	40733.85N
	5700
	20°

	Tensile
	7340.174N
	6000
	0°


①Tensile Stresses
At compressive condition (5700RPM 20°), some data about gudgeon pin are shown in Figure2-2. The scene of looking to right of gudgeon pin is shown in Figure 2-3, 
[image: ]
Figure 2-2 Data of Gudgeon Pin
[image: ]
Figure 2-3 Right View of Gudgeon Pin

 ;


Hence, using equation 2-3 to 2-4, we know that (material is steel)



 



Hence  , then going to analysis the bending stresses:5
Net moment at point A:


Bending stress at A:



In the equation, M is the bending moment, y is the distance from neutral axis, for the point A, y=D/2=10mm. And   is the second moment of area (Mckeen, 2016), which can be calculated by equation 2-8:


The second moment of area measure’s a beam’s ability to resist bending over a cross-sectional area (calculator.org, 2020), which is a circular area of point A. Hence equation 2-8 is the formula for circular cross section. In this question, D2=20, D1=12, hence the bending stress can be calculated:


Hence bending stresses = 438.3029N/mm2, then going to analysis the shear stresses at point A. Shear stress generates when stress is put on pressure and tension materials (Bosch, 2014), hence:


Hence combined tensile stresses can be calculated by equation 2-10


②Compressive Stresses
Total combined tensile stresses are 480.4369N/mm2, and total combined compressive stresses can be calculated by same methods, the force is shown in Figure 2-4. The results are shown below:
[image: ]
Figure 2-4 Force Diagram


Hence, the mean stresses and range of stresses for gudgeon pin:
Mean stress:


Range of stresses at A:


Then plot the Goodman diagram:
The UTS of steel is 1.11E+03N/mm2, hence endurance limit equals to 0.45UTS=499.5N/mm2.
[image: ]
Figure 2-5 Goodman Diagram (Excel, 2016)
Goodman diagram is shown in Figure 2-5. From the diagram, the allowable range is the distance of the grey segment, which is 827.7543N/mm2. And from the previous calculation, we know that the actual range is 580.3279N/mm2. Therefore, the baseline gudgeon pin fatigue safety factor (FSF) can be calculated by equation 2-11:


Hence the results are shown in Table 2-2:
Table 2-2 Final Results
	
	
 
	
 
	
 
	
 
	
 
	
 

	Value
	480.4N/mm2
	-99.9N/mm2
	190.3N/mm2
	827.8N/mm2
	580.3N/mm2
	1.43


3 [bookmark: _Toc32191726]FSF of Rod 
In this part, author will calculate the FSF of three 3 positions. From the previous results, the max net compressive and tensile on rod is 40955.44N and 7340.174N, and 3 points’ positions are shown in Figure 3-1.
[image: ]
Figure 3-1 3 Points Diagram

 ① For the point A:

Net tensile force on the rod is 7340.174 (like shown in Figure 3-2), hence the force of every side is 7340.174/2=3670.087N, and the area of single side is 4x13+30=82mm2(it’s a I beam). And for the structure, on which exists the stress concentration factor, hence the stress concentration factor will be applied on calculations. For stress concentration factor, which is useful for design against material and structural failure resulting from peak stress due to abrupt changes in cross sections, like the corner structure in 3 points (Lim, 2013). The factor can be determined from Charts of Theoretical Stress-Concentration Factors by the value of the D/d and r (R.E.Peterson, 1951). For point A, the D/d=1.43, the r/d=1.04, and the  from Rectangular filleted bar inn tension or simple compressive charts (R.E.Peterson, 1951). Because there are no shear stresses, the total stresses are the nominal minimum stresses, which can be calculated by equation 3-1:
[image: ]
Figure 3-2 Tensile Force


And the max net compressive force is 40955.44N (like shown in Figure 3-3), and the total area is 82x2=164mm2, hence the nominal maximum stresses can also be calculated by equation 3-1.
[image: ]
Figure 3-3 Compressive Force


Hence the mean stresses and range of nominal stresses are:



 
Then plot the Goodman diagram, the material is steel, calculate the endurance limit first:


Goodman Diagram is shown in Figure 3-4.
[image: ]
Figure 3-4 Goodman Diagram (Excel, 2016)
From the diagram, the allowable range is 393.9305 - (-597.55) =991.4809N/mm2.
 Hence the FSF:


	
② For the point B:
The area of section B is 279mm2, hence the nominal maximum stresses are under the net maximum tensile force (7340.174N). 


The nominal minimum stresses are under maximum compressive force, and assume the net down force is reduced by similar amount to inertia force going up. Because the max compressive force is at lower RPM (5700RPM) than max tensile force (6000RPM), hence assume the inertia force at 2000N, and the net compressive force equals to 40733.85-2000=38733.85N. Hence the minimum stresses are:


Hence:



Hence calculate the endurance limit then plot the Goodman Diagram in Figure 3-5. For the stress concentration factor of point B, D/d=67/25=2.68, r/d=45/25=1.8, hence the :



[image: ]
Figure 3-5 Goodman Diagram (Excel, 2016)
Hence the allowable range is 235.3042- (-347.826) =583.1306, and FSF:


③ For the point C:

Because point C is located at the cap, which is connected to rod by bolts, hence there is no compressive here (). For the tensile stresses, the force in one side is 7043.174/2=3670.087N, and the area of single side cap is 16x9=144mm2. Hence the maximum stresses are:


Hence the mean stresses and Range are:



Hence calculate the endurance limit then plot the Goodman Diagram in Figure 3-6. For the stress concentration factor of point B, D/d=19/11=1.7, r/d=20.5/11=1.9, hence the :


[image: ]
Figure 3-6 Goodman Diagram (Excel, 2016)
Hence the allowable range is 321.3499- (-295.862) =617.2116N/mm2, and the FSF:


Hence for 3 positions, the FSF results are shown in Table 3-1:
Table 3-1 FSF Results
	
	A
	B
	C

	
 
	1.1
	1.8
	1.6

	FSF
	3.38
	3.53
	24.22


From the results, it can be found that the smallest factor is 3.7, which means it’s the most dangerous position. The small structure in point A makes the force lines here like the stress concentration phenomenon. Therefore, great care must be used in point A because it has the largest likelihood to crack.
4 [bookmark: _Toc32191727]Cap-Rod and Bolt
[bookmark: _Toc32191728]4.1 Stiffness Ratio


In this part, author estimates the ratio of the bolt stiffness () to the cap-rod stiffness (). The cross-sectional view and front view of rod-cap structures are shown in Figure 4-1.
[image: ][image: ]
Figure 4-1 Cross-sectional View (a) and Front View (b)
For the stiffness, which can be calculated by equation 4-1:


Stiffness is relevant to the tensile modulus of the material, area, and length of the structural. Hence:




The materials of the both bolt and rod are steel, and the stretched length of bolt () is equals to the compressed length of rod-cap (). Diameter of threaded hole is 9.5mm, hence the bolt is 8mm Metric Fine Bolt with 1 mm pitch (Bosch, 2014), and average diameter is 7.5mm. In addition, the length of square is 16mm. Hence the ratio can be calculated: 



 
Hence the ratio of bolt stiffness to cap-rod stiffness is 0.24895.
[bookmark: _Toc32191729]4.2 Bolt Stiffness
In this part, author will calculate the stiffness of the rod for the stretch region up to the elastic limit. For the bolt, when putting external load on the bolt, the stresses are generated in the inside of the bolt, and the deformation is generated at the same time. The stress-strain diagram is shown in Figure 4-2. 
[image: ]
Figure 4-2 Stress-strain Diagram

From the diagram, the yield point is the limit between the elastic and plastic deformation. Hence at the condition in this question, the bolt is tightened to yield point. For most high tensile bolts, when it’s tightened to yield, the tensile stresses are equals to 90% UTS = 0.9 x 1100 = 990 N/mm2. And before yield point, the linear area in the diagram is known as Hooke’s straight line, in which the ratio of stress and stain is a constant factor, which is termed as the modulus of elasticity (Bosch, 2014). What’s more, the stiffness is defined as the ratio of force to displacement , and the equation can be converted: 


Applying the realistic data on the equation, the area and length of the bolt is 44.17865mm2 and 30mm, and the module is 2.10E+05N/mm2. Hence the stiffness is can be calculated:


Hence the stiffness of the bolt is 3.09E+05N/mm.
[bookmark: _Toc32191730]4.3 Bolt Load

In this part, author will calculate the maximum alternating loads on the bolt under maximum inertia loads. While motion, the small end of the rod reciprocates with piston. And estimate 1/3 rod mass is reciprocating mass, hence the total reciprocating mass equals to the mass of piston, gudgeon pin and 1/3 rod ( =0.566087kg). And the inertia force equals to acceleration times mass, and the total reciprocating inertia force can be calculated:



What’s more, big end of the rod is also rotating with the crankpin, and the total rotating mass equals to the mass of 2/3 rod ( =0.167133kg). However, the cap can’t pull up because of the crankpin, hence the mass od cap should be subtracted. And the rotating inertia force can also be calculated by equation 6-1. And the biggest inertia force is at TDC because two inertia forces are vertical, hence the total inertia force can be calculated by equation 4-2:


From the experimental data, the maximum RPM is 6000RPM. Hence the maximum inertia force is:


Total inertia force is 14543.83N, hence the force on single side is 7271.913N. For the cap-rod and bolt region. Before the inertia load put on the region, it gets a static balance like shown in Figure 4-3:
[image: ]
Figure 4-3 Force Diagram of Stretch Region

Before applying the inertia force, bolt static force balance with rod-cap static force. After applying the force on the region, bolt is stretched in small amount , which allows cap to relax in same amount by compressing. At this time, the force balance equations are shown in equation 4-3:


The bolt static force equals to rod-cap static force, and the equation becomes the second edition:


 
Hence for the max alternating load on bolt:


Hence the max alternating loads on bolt is 1401.083N.
[bookmark: _Toc32191731]4.4 Bolt Tightening Torque 
In this part, author will calculate the bolt tightening torque for the bolt when tightened to 90% yield. For reusable bolts, it has the combination of axial and torsional stresses when tightened to 90% yield. And for most high tensile bolts, the yield strength equals to 90% UTS. In addition, the axial stress equals to 60% yield strength when tightened to 90% yield. Hence:




For the calculation of tightening torque, there are two friction area shown in Figure 4-4:
[image: ]
Figure 4-4 Front View (a) and Upward View (b) of Bolt
And the friction forces are shown in Figure 4-5
[image: ]
Figure 4-5 Friction Force of Area A(a) and Area B(b)
For friction area A, which is a cyclic annular region, the circumferential force can be calculated (friction coefficient = 0.12):


And friction torque A can be calculated:


For friction area B, which is on the threads, the circumferential force can be calculated (friction coefficient = 0.18):


And friction torque B can be calculated:


Hence the total torque:



Hence the total bolt tightening torque is  .
[bookmark: _Toc32191732]4.5 Bolt Stress 
In this part, author will calculate mean stress and range of stress for bolts. Assume the concentration is 2 at thread root. From the previous work, the maximum extra force in bolt is 1449.49N when the bolt is tightened to 90% yield. Hence the stresses from maximum extra force which is also the range of the stresses in bolt can be calculated:


Hence the range of the stress are 32.8N/mm2. And minimum stresses are coming from initial tightening when tightened to 90% yield, hence the minimum stresses can be calculated:


Hence the maximum stress and mean stress can be calculated:


Hence for the bolt critical part, the mean stress is 914.957N/mm2, the range of stress is 31.71403N/mm2.
[bookmark: _Toc32191733]4.6 FSF of Bolts
In this part, author will calculate the FSF for the bolt by Goodman Diagram. For the bolt root, stress concentration factor=2. Hence calculate the endurance limit first then plot the diagram in Figure 4-6:


[image: ]
Figure 4-6 Goodman Diagram (Excel, 2016)
From the Goodman diagram, the allowable range is 958.8417-871.0723=87.76935. Hence the FSF can be calculated:


Hence the effective fatigue safety factors pf the standard bolts is 2.76.
[bookmark: _Toc32191734]4.7 Uprated Bolt
In this part, author will redesign the rod bolts which can work under high RPM (9000), which is 3000RPM higher than previous work. What’s more, the uprated bolt should achieve the suitable fatigue safety factors:
Calculate the highest inertia force on uprated bolt using equation 4-2, using the same rod first:


Hence the force input on one side is 32723.61/2=16361.8N. Then extra force in bolt can be calculated:


Hence the stresses generated by the force can be calculated:



When the bolt is tightened to 90% yield, if using the same material, the minimum stress in the bolt is 90% yield strength equals to 899.1N/mm2, and the range of the stress is 73.82191N/mm2, maximum stress and mean stress can be calculated( ):


And for the same material, the endurance limit is 249.75N/mm2. Hence calculate the FSF for the uprated bolt by Goodman diagram shown in Figure 4-7:
[image: ]
Figure 4-7 Goodman Diagram (Excel, 2016)
From the diagram, the allowable range of the stress is 974.2032-895.3534=78.84974N/mm2, hence the FSF can be calculated and compared with the previous result 2.76.


Obviously, the new FSF is smaller than the former one (1.11<2.76). Therefore, to get the same FSF, the bolt needs to be redesigned. It can be found that the reason of this change is the increase of the extra stress in bolt. Hence if taking some measures to keep the stress in same level, this problem can be solved. What’s more, from the expression of the stress, the only way is expanding the cross area of the bolt. Hence the first attempt is to increase the diameter:
1  First Design:
Previous stress is 32.80974N/mm2. Hence the new area is:




Hence the diameter of the new bolt is 11.25, if using the Metric Fine Bolt, the cap area is not enough for the nut. And 11.25 is the average diameter of the bolt, hence the diameter of the hole is 11.75 with pitch of 1mm. Hence author gives up the metric fine bolt. And the cap area has changed, the stiffness ratio needs to be calculated:
[image: ]
Figure 4-8 New Cap-Rod


Hence the new ratio is 1.484538, and the mass of the big end of rod has been reduced at the same time.


Hence the rotating mass has been reduced:


Hence the inertia force should be calculated again:


Hence the force put on one side is 31452.91/2=15726.45N. Then calculate the stress in bolt from the extra force:




When the bolt is tightened to 90% yield, if using the same material, the minimum stress in the
bolt is 90% yield strength equals to 899.1N/mm2, and the range of the stress is 73.82191N/mm2, maximum stress and mean stress can be calculated:



And for the same material, the final endurance limit is 249.75N/mm2 (). Hence calculate the FSF for the uprated bolt by Goodman diagram shown in Figure 4-9:
[image: ]
Figure 4-9 Goodman Diagram (Excel, 2016)
From the diagram, the allowable range of the stress is 971.2278-890.6504=80.57737N/mm2, hence the FSF can be calculated:


It seems that changing the diameter is not a good plan. In addition, the plan of changing the bolt’s properties maybe another practical plan.
2  Second Design
In this new layout, author decides to change the material. Finally, author chooses the 30CrNiMo8 tempering steel (Bosch, 2014), which is in the same material group with previous material 42CrMo4. What’s more, the new material is stronger of 1050MPa yield strength. Hence when the bolt is tightened to 90% yield, the minimum stress is 0.9x1050=945N/mm2. And the inertia force is also the 32723.61N using the same rod, and then calculate the stiffness ratio again (Youngs Modulus is 210GPa (Ovako, 2020)). 






Hence the force input on one side is 32723.61/2=16361.8N. Then extra force in bolt can be calculated:


Hence the stress in bolt is also 71.35655N/mm2, and the maximum stress and mean stress can be calculated:



And for the new material, the endurance limit can be calculated ():





Then calculate the FSF for the new bolt by Goodman diagram in Figure 4-10:
[image: ]
Figure 4-10 Goodman Diagram (Excel, 2016)
From the diagram, the allowable range equals to 1086.276-875.0809=211.1948N/mm2, and calculate the FSF for the new bolt:


Hence the new material bolt FSF can work in high RPM (2.96>2.76), and the results are shown in Table 4-1.
Table 4-1 Redesign Layouts
	
	Standard
	Design1
	Design2

	FSF
	1.11
	1.26
	2.96


	Properties
	M8x30
Alloy Steel
	11.75x30
Alloy Steel
	M8x30
30CrNiMo8



[bookmark: _Toc32191735]4.8 Bolt Sketch
In this part, author will sketch three bolt layouts in Figure 4-11, and compare the design features.
[image: ]
Figure 4-11 Three Bolt Layouts (a)(c) of standard and second layout, (b) of first layout
For the Figure, the first layout just changes the dimensions of the bolt. However, the change of bolt also changes the dimensions of rod, and the stiffness ratio has also been changed. And the redesign bolt is not Metric Fine Bolt, which makes it hard to manufacture. In addition, this layout can’t increase the FSF (1.26). Therefore, it’s not a good layout. Second layout changes the material with a stronger one in the same size, hence the same rod is also available. What’s more, it can make the FSF (2.96) meet the requirement. Hence the second design is the suitable one. Through the redesign process, only small change has made on the rod, and the length of the bolt hasn’t been changed, which is not a crucial parameter of the bolt strength. The diameter and material are the factors that should be taken into consideration. 
Then explore the standard and second design bolts are tightened into yield, hence the minimum stress in bolt is 999N/mm2. And the range for two bolts are 71.35655N/mm2 (standard at 6000RPM, redesign bolt at 9000 RPM). Hence the max and mean stress of two bolts are:





Then calculate the FSF for two bolts by Goodman diagram in Figure 4-12.
[image: ][image: ]
Figure 4-12 Goodman Diagram of Standard (left) and Second Design Bolts (right) (Excel, 2016)
Hence the FSF of standard and second design bolt is 1.35, 2.62. Both two parameters have been reduced, and the standard bolt decreases in a high percentage (51.10%) while the redesign just in an acceptable percentage (11.49%). Therefore, the material of the bolt is a very crucial parameter.
5 [bookmark: _Toc32191736]FSF of Crankshaft
In this part, author will calculate the FSF of fillet sections of crankshaft, which is shown in Figure 5-1：
[image: ][image: ]
Figure 5-1 Front View (a)and the View Looking along the A-B Neutral Axis (b) of Crank
①  Maximum Stress

From the figure, the A-B sections are called fillets, where exists the stress concentration phenomenon. Distance between point A to B is D, b is the effective width of the critical beam. From the previous work, net compressive force on rod is 40955.445N on 20° crank angle of 5700RPM, hence the max down force on crankpin is 40955.44N on 20° crank angle. At the same time, the inertia force ups on crankpin can be calculated by equation . The position of two forces are shown in Figure 5-2.
[image: ]
Figure 5-2 Force Positions
Hence the net force on crankpin can be calculated:




Hence the max force down on the crankpin is 27998.53N, and the force up on main journal is 13999.27N, which is the only one force up when looking to right of B. Hence B goes into tensile, and A goes into compressive. Therefore, bending moment at B is force multiplies the distance from centre of main journal to B, and the distance L2=40mm. What’s more, when looking to right of A, bending moment at A is smaller than at B absolutely because L1 is shorter that L2 (12<40). In addition, main journal diameter is also longer than crankpin journal. Therefore, fillet B is the dangerous one, where exists the maximum stress. Author just need to calculate the FSF at point B in the cross section. Hence the moment at B can be calculated:


For the bending stress at B, it can be calculated by equation 5-2:

	



In the equation, M is the bending moment, y is the distance from neutral axis, for the point B, y=D/2=10mm. And   is the second moment of area (Mckeen, 2016), which can be calculated by equation 5-3:

Equation 5-3 is the formula for rectangular cross section, b is the width and D is the height. In this question, b=42.5, D=20, hence the moment=28333.33mm4. And the bending stress can be calculated:


Then calculate the shear stress at B. Look to right of B, (the critical area is shown in Figure 5-3) shear force=13999.27N, hence the shear stress can be calculated:
[image: ]
Figure 5-3 Critical Area

 
Hence the maximum stress at B can be calculated:

 
Hence the max stress is 198.8886N/mm2.
② Minimum Stress
From previous work, maximum net tensile force on rod is 7340.174N at 6000RPM and 0° crank angle. At the time, the inertia and net force are both vertical up on crankpin, which can be calculated:


Hence the maximum up force on crankpin is 23551.83N, and the force down on main journal is 11775.91N. Look to right of B, B goes into tensile and A goes into compressive. Hence the relevant parameters can be calculated:


Hence the minimum stress at B is -167.3012N/mm2.
③ FSF
Calculate the rang of the stress and mean stress first:



Then calculate the endurance limit. Choose the suitable stress concentration factor here, for this structure, r/d=0.25, w/d=3.33, hence choose  from the Notched rectangular bar in bending chart (R.E.Peterson, 1951). And endurance limit can be calculated, then plot the Goodman diagram to determine the FSF in Figure 5-4:


[image: ]
Figure 5-4 Goodman Diagram (Excel, 2016)
From the figure, the allowable range is 463.4225- (-431.835) =895.2576N/mm2, hence FSF can be calculated:


Hence the FSF in the critical fillet sections is 2.44.
6 [bookmark: _Toc32191737]Conclusion




Through the study, calculations on gudgeon pin are just carried on one side, and the FSF of gudgeon pin is 1.43. For the three points on rod, stress concentration factors are got from  charts. For point A, =1.1, FSF=3.38. For point B, =1.8, FSF=3.53. For point C, =1.6, FSF=24.22. Therefore, point A is the most fragile position which should be taken good care. 

And for the cap-rod structure, the force balance is a little complex under dynamic stage, and the stiffness of cap to bolt is the crucial factor. In addition, calculations are under the premise of the bolt is tightened to 90%. For the standard bolt, =2, FSF=2.76. What’s more, optimization work is also carried out to make the bolt can work in high RPM (same FSF). Author have two layouts, one for bolt diameter and other one for material. The optimal results show that when expand the diameter to 11.75mm, FSF=1.26, and the FSF of new material is 2.96. Under this condition, author explores the bolt performance when it’s tightened to yield. New material bolt still has the better performance. From these calculations, material is the most effective method to approve the property.
For the FSF of critical fillet of crankshaft, FSF=2.44.
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7 [bookmark: _Toc32191739]Appendix
1. All figures and diagrams are screen shots:
[image: ]
2. All sketches draw in SOLIDWORKS2019:
[image: ]
3. All figures’ modifying work are carried out in POWERPOINT2016
[image: ]
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4. All stress concentration factors are got from the chart, but not precise enough:
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